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SUMMARY

An anglysis 1s presented of the characteristlcs of gas-filled
bellows for sensing gas density to delineate the factors that
affect the accuracy of this type of bellows. An equation is
developed that indicates the effect of changes in the pressure
and the temperature to which the bellows 1s subjected on the gas-
density —bellows-displacement characteristics. An egquation is
also developed that determines the effect of & change 1in easch of
the bellows-design constants on the error of density indication.

For minimum error, the bellows should be as flexible as
possible (low spring rate) and the bellows area (or dieameter)
should be as large as poseible. The bellows filling volume
(volume of ges in bellows at position of no stress in bellows)
and £1lling density (density of gas in bellows at position of no
gtress in bellows with bellows mechanicsally locked in this posi-
tion) may then be adjusted to cause the bellows to indicate the
desired range of densilty.

INTRODUCTION

In many control applications, the control equetions include
the density of a gas. For example, the eguation for air flow
through a head meter includes the alr density; the equation for
alr velocity as measured by & pitot tube involves air density; and
the equatlons defining the power output and the required fuel flow
of reclproceting and gas-turbine engines involve an air density.

In control mechanisms that solve equations of these types, density-
sensitive devices must therefore be incorporated to provide an
indication of the gas density.

Because the density of a gas 1s determined by the ratio.of
the ebsolute pressure to the sbsolute temperature, the indicetion
of density may be obtained from the proper division of the indica-
tions from absolute-pressure-sensitive and sbsolute-temperature-
sensitive devices. For exemple, the indications from a pressure-
sensitive bellows and from a tempersture-sensitive bellows could
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be mechanically divided to obtaln a true indication of the density.
Many such devices can be concelved, all of ‘which involve separate
elements for sensing pressure and temperature and requlire mechan-
ical, hydraulic, or electrical division of the indications to
obtain an indication of density.

Because of the complexity of such devices, thelir use may be
unjustified except in certain control applications where good
accuraecy over an extreme density range is required. In many con-
trol applications, the need for good accuracy extends only over a
limited range, and design consideratlons may dictate the use of a
simple, inexpensive denslity-sensitlive element. For applications
of this type, the gas-fillled density-sensitive bellows mey be a
satisfactory cholce. Inherent errors of indicatlon, however, exist
with this type of bellows. Because the accuracy of the complete
control mechanism, of which the density-sensitive bellows 1s a part,
is affected by the accuracy of the density-sensing element, and
because of the Incentive to use this type of density-senslitive
olement, an analysis that determines the cause of errors and the
means of reducing them should be of value in the deslign of this
type of control device.

Such an analysls was therefore made at the NACA Cleveland
laboratory. ZExpresslons are derived for the density-displacement
characteristics (density of the gas surrounding the bellows as
indicated by the linear expansion, or displacement, of the bellows)
and for the error of the denslity indicatlon. The factors that
cause the error are analyzed and means are suggested for reducing
the error.

ANATYSIS

-

Characteristic Equatlon of a Gas-Filled Bellows

A diegram of a typlcal demsity-sensitive bellows 1s pressented
in figure 1(a). The bellows is filled with a dry gas (usuelly
nitrogen). Such a bellows responds to the pressure outside the
bellows and the temperature around the bellows assembly. For
enalysls, this bellows system may be reduced to the eguivalent
gystem involving spring retes, volumes, areas, pressures, and so
forth shown in figures 1(b) and 1(c) if the following assumptions
are made: : -

1. The volume of the bellows 1s proportional to the linear
displacement.
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2. The spring rates of the bellows and of the external spring
are constant over the displacement range and are unaffected by tem-
perature varistions.

3. The areas over which the internal and external preassures
are effective are equal (or in s constant ratio) and are constent
over the bellows-displacement range.

In the equivalent system, the spring action of the bellows 1is
represented by the two equal spring rates S, on opposite sides of

the plston of area A, vhich represents the dlaphragm aree of the
bellows. The external spring, which ls often used 1n mechanisms
of this type, 1s represented by the spring rate S ~ When no

external spring is used, the spring rate S, is considered zero;

when the external spring acts in the opposite directlion to that
shown in figure 1l(a), the direction of the force exerted by this
spring is reversed, The force that the bellows must exert o
actuate a control mechenlsm i1s represented by F. In this analysis,
F 1is consldered positive when its direction tends to compress the
bellows. The position x of figure 1(b) is the point at which the
bellows is unstressed. The dlsplacement D (fig. 1(c)) is measured
from this position (considered positive in the direction in which
the bellows 1s compressed); and the filling volume Ve (volume of

gas inside bellows), the preloading distance (or deflection) of the
external spring L, and the £illing density pp (density of ges
ingide bellows) are determined at this position. The filling den-
8ity is considered to be measured wlth the bellows mechanically
locked in the position =x, 8o that the effects of the external
forces are eliminated. Thls method in effect then actually deter-
mines the weight of gas 1n the bellows.

Congider the case 1h which the pressure outslde the bellows
is ralsed to some absolute pressure P and the temperature of the
system is lowered to some absolute temperature T. The bellows
then assumes some position y (fig. 1(c)) and the following equa-
tion applies:

PA+Sg(L-D)+F = Pyh+SpD ()
where
P pressure outside bellows (absolute)

A effective area of bellows acted upon by pressure inside and
outside bellows



4 NACA TN No. 1538 ®
- O

S, spring rate of external spring

L preloading distance of external spring

D displecement of bellows from position =x

F external force on bellows assembly

I—‘y pressure inside bellows at position y (absolute)

Sy spring rate of bellows

The pressure Py can be related to the Iinitlal pressure condi-
tions by the gas-law equation

Pivl _ PaVe
T Te
where
V& volume inside bellows at position ¥y

T temperature of system (absolute)

P, filling pressure (ebsolute)

Ve f£illing volume ) .
T, filling temperature (absolute)

(The temperatures inside and outside the bellows are assumed equal.)

Solving for P& gives
PaVeT

Py V,Tp

With the assumptlion that the hellows volume 1s proportional to the
displacement, .
Vy = Vp-AD
and
PpVpT -

) (2)
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Substituting this expression for P, 1in eguation (1) results in

J
PoV-TA
PA+Se(L-D)+F = 2 L SyD
e( ) TETV;:KBT + ©Op
The solution for P gives
PpVeT 1 [ :l
P= + = |SpD-S -D)-
Tr(Vg-AD) & LP o(L-D)-F (3)
Inasmuch as
Pe/Tp = PeRy
where
Pp bellows £1lling density
Ri gas constant for gas inslde bellows
equation (3) becomes
R,0.V,.T
1f'f 1
P= _v'fTAD- + 5 I:SbDSQ(L—D)-F] (4)

Equation (4) expresses the relation of the bellows displacement to
the pressure outside the bellows for various temperatures. The
relation of bellows displacement to the density outside the bellows
is determined as follows: The pressure P outaide the bellows may
be expressed as

P = pTRo

where

o] density of the gas outside bellows
Ro gas constant of gas outside bellows
Equation (4) then becomes

_ RyppVpT ll: _ _:I
eTR, "'waTA'D—J'K SpD-Sg(L-D) -F
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Solving for p results in

_ Rape¥r 1 -
- oty * g [P0 ©

For a given bellows assembly, all the terms of equation (5) are
constant except p, D, T, and F. The displacement of a bellows
of this type thus 1ls obviously not a true indication of extermal
gas density because the indication is parametric with the tem-
perature T end with the external force F. Because T = P/pR,,

squation (5) can obviously be expressed with pressure as the
perametor instead of temperaturs,

RypPeVe (6)
R, (V¢ -AD) {1 - 3= %,bn-se(z.-n)-r]}

Thus the density-displacement curves are paremetric with either the
temperature T or the pressure P and with the external force F.

When the external spring S, 18 so reversed that 1t acts in
the opposite direction to that shown in figure 1, the direction of
the force exerted by this spring l1s reversed, which changes the
sign of the term Sg(L-D) in eguation (1), and the direction of
preloading 1s also reversed so that the term IL-D becames I+D.
Equations (4), (5), and (6) then become

_ Ripfva .
P= o * _21{ [gbme(m:)-r] (7)
_ RypeVr 1 | . -
® = R (V;-AD) = Rolk [sbmse(mn) F] (8)
and
o = Ripfvf (9)

Ro(vf-AD){l - 3 [sbmse(mn)-r]}

The effect of temperature T and pressure P on the density-
displacement curves of a bellows with nitrogen inside the bellows

o7y
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and alr outside and with the conflguration of figure 1 1s shown in
figure 2. The curves were plotted from equations (5) and (6) with
the followlng values of the various bellows constants:

A, square Inches . . . .
Sy, pounds per inch . .
Sg, pounds per Inch . .
L, inches . . . . . « .

pp, pounds per cubic foot .

Vg, cublc inches . . . .
F, pounds . « « « « « =«

With the units of P and p

of the gas constant become feet per °R.

in pounds

were taken at 55.2 and 53.3 feet per °R,

Equation for Bellows

. L] . L] L] L] . - L] . L] 2 L ] 0
L] L L) L] . L L] - L] L] L] 50‘ 0
- - - * L] . . L L] L] L] 20. o
L) . L . . . L] . a * l__ Ol 4
- L] . L] L] . Ll L] e . . . .- 0005
- L] . . L] L] L] L] . L . 4. o
® L] L2 - L [ ] Ll . - . 2 L] o
per cublc foot, the units
The values of R; and R,
respectively.

Error

An expression for the error of indication of the bellows at
any temperature and density may be obtained from the equation for
the density-displecement characteristics by the following method:
The mechanism operated by a bellows assembly is assumed to be so
callbrated that the correct density 1s indicated at some callbra-
At any actual tem-

the bellows fol-

tion temperature T,,

as shown 1n figure 3.

perature T, (either higher or lower than T,),
lows the T, curves. However, sach displacement indicates &
curve, whereas the actual density pg

density p, on the T,

that caused the dlsplacement is found on the T,

error may then be represented as

The expression for p,-p,
follows:

o)

a8
[«

-P

C

= error

curves.

The

may be obtained from equation (5) as
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RyPpVe 1
Py -Pg = R (¥, -AD) * AR [sbn-se(x.-n) -F]

R, 0.V,
~1ff 1l s DS, (L-D -F]
Ro(Vz-AD) ~ RT,A [Sb o (L-D)

To-Tg [
=S _ 8, D—Se('L-D)-Iﬂ
RAT,T, Lo et
pa-pc
The expression for == +then becomes
c
T,-T
C 8 |8,D-Sg(L-D -]
Pe=Po AT,T, [b o(L-D)-F
= (10)
Pe RipeVp 1 [ : :|
D-S -D)-F
voxp o, (opDSe(l-D)
When the external spring Sy acts in the opposite direction,
equation (8) 1s used and the equation for error becomes
To-Ty DsS_( y
2.8 L+D -ﬂ
arpy | HgT, LT (11)
Po RyPeVe 4
+ DS (14D) -F
Vg-AD ~ AT, [0D456 (L) ]

METHODS OF REDUCING BELLOWS ERROR

An exeminetion of equation (10) indicates that, for a bellows
designed to operate over finilte ranges of density and of tempera-
ture, the error can be reduced to zero only by meking the term
[SpD-Se(L-D)-F] equal zero. The appsersnce of this term in the
equation for error of the bellows (equation (10)) furnishes a clue
to the reason why error exists 1n this type of bellows. The units
of the term [§,D-Se(L-D)-F] are force units end the term is com-

posed entirely of spring forces and external forces exclusive of
gas-pressure forces. Thls term therefore obviously represents the
resultant force due to the spring forces and external load. Because
the bellows 1is always in equilibrium, 1t 1s evident that this term
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also represents the gas-pressure difference ascross the area A
necessary to equal the resultant of the spring forces and external
load. A difference in density must therefore exist between the
Inside and the outside of the bellows that depends on the pressure
difference and the temperature of the bellows system. Because the
pressure dlfference is a function of the displacement, this density
difference 1s a function of the displacement and of the tempersature
of the bellows system. From equation (2) s bthe denelty inside the
bellows may be shown to be a function of the displacement only.
Because the sum of the inside density and the density difference

is equal to the outside density, the displacement is plainly a
function not only of the outside density but also of the tempera-
ture (or pressure, equation (6)) of the system, because of the
existence of the spring forces and the externsl force. —

Although a finite value for the term [SbD-Se(L—D) -F:] causes
the error of the bellows, it 1s not the only factor affecting
bellows error once a finlte value for this term exists. Egua-
tion (10) indicates that each of the bellows-design constants
(A, Sp, Sgy Vg, L, and pp), the force F, the temperatures T,
and T,, and the gas constant Ry &all have an effect on the
error. Because the term [SD-S(L-D) -F] cennot practicably be

made zero (a limp dlaphragm or a piston as in fig. 1 could be used
in place of the bellows but such systems are impractical because
of leakage), the specific effect of each of the bellows-design
congstants on bellows error must be determined in order to set up
the design principles for design of a bellows with minimum error.

The effect on error of each of the bellows-deslgn constants,
A, Sp, Sg, Vp, L, and pp, and of the external force F, 1is
shown in figures 4 to 10 for T, = 520° R and Ty = 400° R
together with the corresponding density-displacement curves for
T, = 520° R, which illustrate the effect of a change in each of
the design constants on the density-displacement characterigtics. —_
Filgure & also shows the effect of reversing the external spring Sg
80 that 1t acts 1n the opposite direction from that shown in fig-
ure 1. For thie reversal, the equation for error is equation (11).
All the curves are terminated &t the point at which the displace-
ment in the positive direction (negative direction for the case of
the external spring Sg reversed) is equal to the preloading
distance I of the external spring. The effect of the gas
constent Ry 1s omltted, because the choice of gases is limited,
because the variation in the constents of suitable gases is amall,
and because the effect on error of a change in Ry 1s the same as

a similar percentage change in Pp -
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An examination of figures 4 to 10 indicates that for an
independent change in most of the design constants the density
range for a glven displacement renge ls changed. Because for a
glven bellows assembly the dlsplacement raenge must be kept within
practical limits to avoid overstress of the bellows, the effect
of a chenge in each of the design constants on the density range
for a given displacement range must also be considered. Table I
is a comparigon of the effect of & change in each of the design
constants and in the external force F on bellows error and on
the density range. In many instances, 1t 1is difficult to deter-
mine whether a particular change in a design constant causes a
reduction or an increase in error when the entire density range
1s considersd. In these cases, the deslgner must be gulded by the
fact that any reduction in the force that the bellows must over-
come because of the bellows spring rabte or other mechanical forces
tends to reduce the error, because, as will be noted from the fore-
going equations, the error lis roughly indicated by the ratio of the
total force that the bellows must oppose to the area of the bellows.

The conclusion to be drawn from flgures 4 to 10 and teble I
is that the rates of springs Sy and S, and the extermal force F
should be reduced and that the bellows area should be made large.
In order to compensate for the decrease 1n demnsity range ceused by
these changes, the filling volume Ve must be reduced. The filling

density pp (which has little effect on error) may then be adjusted

to orient the bellows to the desired denslty renge. In most appll-
catlons elimination of the external spring Sy (vhich also elimi-~
nates the preloading distance 1) ia feasible and in some applica-
tions (where servosmplifiers are used) elimination of the external
force F 1s possible. These changes materielly simplify all the
characteristic equations and reduce the error. Because low values
of £illing volume are desirable in order to reduce the error and
to compensate for the effect on the density range of changes in
spring rates and area, and because low bellows spring rates and
large areas are assoclated with bellows of large volume, the
bellows maey have to be £illed partly with a nonvolatile liquid in
order to secure the desired values of filling volume. Adherence
to these principles wlll ensure design of & bellows of minimum
error.

CONCLUDING REMARKS

An enalysis of the characteristics and the error of a gas-
fi1lled bellows for sensing gas denslity shows that a density-sensitive

558
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bellows does not glive a true Indicatlion of density but one that is
paramebric with the conditions of temperature or pressure. The
existence of temperature or pressure as a parameter is caused by
the force that the bellows must oppose. In an actual bellows
assembly this force is composed of the spring forces of the bellows,
the forces of any external springs that may be used, and the out-
put force regulred of the bellows. The amount of error is roughly
indicated by the ratio of the total force that the bellows must
oppose to the area of the bellows. Bellows for this application
should then be designed with as low spring rates as possible and
the output force required af them should be as low as possible.
Because the reduction of the bellows spring rate is limited in
practice, the dlaphragm area of the bellows should be made as large
as possible. Selection of the proper values of filling volume
(volume of gas in bellows at position of no stress in bellows) and
£111ing density (density of gas in bellows at position of no stress
in bellows with bellows mechanically locked in this position) may
then be used to cause the bellows to cover the desired density and
displacement ranges. In the cholce of proper values of filling
volume and £illing density, the adventage for reduction of error
lies with low values of £1lling volume because filling denslty hes
relatively little effect on error. In order to secure the low
values of £11ling volume with the large diaphragm areas snd low
spring rates desirable the bellows may have to be filled partly
with a relatively nonvolatile liguid. Campliance with these
deslgn principles will ensure a bellows with minimum error.

Flight Propulsion Research Laboratory,
National Advisory Cammittee for Aeronautics,
Cleveland, Ohio, September 23, 1947.



TABLE I ~ COMPARISON OF EFFECT (F EACH OF DESIGN CONSTANTS ARD EXTERNAL FCRCE

ON ERROR AND DERSITY RANGE OF BELLOWS

Design conatant

Apparent effect

Apparent offect

in design congtant on error on denglty range
Area, A TIncrease Decrease Decreass
.| Bellows spring ’
rate, Sy Decrease Decreass Decroase
Bxternal spring
rate, Sg Dacrease Decreese Docrease
Filling volume, V¢ Decrease Decrease Increese
Preloading of Decrease Indeterminate; Parallel shift
external @pring, L. gshould decresse to higher
in general denaity
Filling density, Pe Decreage Indeterminate Parsllel shift
to lower
density
External force, F Deoreass Indeterminate; Parallel shift
should decrease to higher
in general density
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(a) Typical denslity ——sensitive bellows.
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(b) Equlvaient system at positlon x.
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{c) Equlvalent system at position y.

Figure [, — Typical density-sensitive pellows and equivalent system,
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Figure 2. — Effect of temperature and pressure on gas-density -~ bellows-
displacement characteristics of density—sensitive beliows. Nitrogen-
filied bellows sensing air density; bellows area A, 2 square inches;

belfows spring rate S;, 50 pounds per inch; external spring rate S,

2 pounds per inch; preloading distance of external spring L,
0.4 inch; filling density p¢, 0.05 pound per cubic foot; filling vol-

ume Ve, 4 cubi¢ inches; external force F, 2 pounds; gas constant of
gas inside bellows R;, 55.2 feet per OR; gas constant of gas outside
bellows R,, 53.3 feet per °R,
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Curve at actual temperature, Ty
———Curve at callbration temperature, T,

,//’
[a]
- /
2 <7
g ///
S ¥
3 o4
) /
= // /)
@ /
§ ) //
3 =%

“Pa~PeT—Pa=Ps™ |

a

Gas density, p

Figure 3., — Characteristic curves illustrating bellows error.
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gure 4, ~ Effect of independently varying bellows area on error of

indication and gas—-density — bellows—-displacement characteristics.
Bellows spring rate S, 50 pounds per inch; external spring rate S,

20 pounds per inch; preloading distance of external spring L, 0.4 inch;
fitling density p¢, 0.05 pound per cubic foot; filling volume Vg,

4 cublc inches; external force F, 2 pounds; gas constant of gas inside
belfows R;, 55.2 feet per OR; gas constant of gas outside bellows R

o’
53.3 feet per °R,
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(b) Gas-density - bellows-displacement characteristics at callibration
temperature T., 520° R.

Figure 4. — Concluded. Effect of independently varying belliows area on

error of indication and gas—-density - bellows-displacement character-
Istics. Bellows spring rate S,, 50 pounds per inch; external spring

rate Sg, 20 pounds per inch; preloading distance of external spring
L, 0.4 inch; filling density pg 0.05 pound per cubic foot; filling
volume Vg, 4 cublc inches; external force F, 2 pounds; gas constant
of gas inside bellows R;, 55.2 feet per OR; gas constant of gas out-—

side bellows Ry, 53.3 feet per °R.
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Figure 5, — Effect of independentiy varying belliows spring rate on error
of indication and on gas—density-bellows-displacement characteristics.
Beliows area A, 2 square inches; external spring rate S, 20 pounds
per Inch; preloading distance of external spring L, 0.4 inch; filling
density pg, 0.05 pound per cubic foot; filling voiume Vg, 4 cublc
inches; external force F, 2 pounds; gas constant of gas inside bellows
Ry, 55.2 feet per OR; gas constant of gas outside beilows R

53,3 feet per °R.
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Figure 5. - Concluded. Effect of independently varying bellows spring
rate on error of indication and on gas—density — bellows—displacement
characteristics., Bellows area A, 2 square inches; external spring
rate S, 20 pounds per inch; preloading distance of external spring

L, 0.4 inch; filling density p¢, 0.05 pound per cubic foot; filling
volume Vg, 4 cubic inches; external force F, 2 pounds; gas constant
of gas Inside bellows R;, 55.2 feet per OR; gas constant of gas out-

side bellows R,, 53.3 feet per °R.
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Figure 6. — Effect of independently varying external spring rate on
error of indication and on gas-density -~ bellows-displacement char-
acteristics. Bellows area A, 2 square Inches; bellows spring rate
Sy, 50 pounds per inch; preloading distance of external spring L,

0.4 inch; filling density p¢ 0.05 pound per cublc foot; filllng
volume Vg, 4 cublic Inches; external force F, 2 pounds; gas constant
of gas Inside bellows R;, 55.2 feet per OR; gas constant of gas out-

side beliows R,, 53.3 feet per °R,
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Figure 6. — Concluded. Effect of independently varying external spring
rate on error of Indication and on gas—density — bellows—-displacement
characteristics. Bellows area A, 2 square inches; bellows spring

rate S,, 50 pounds per inch; prefoading distance of external spring
L, 0.4 inch; fllling denslty p¢ 0.05 pound per cublic foot; filling
volume Vg, 4 cubic Iinches; external force F, 2 pounds; gas constant
of gas inside beilows R;, 55.2 feet per °R; gas constant of gas out-

side bellows R,, 53.3 feet per °R.
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Figure 7. - Effect of independently varying filling volume on error of
indication and on gas—density - bejlows-displacement characteristics.
Bellows area A, 2 square inches; bellows spring rate S,, 50 pounds

per Inch; external spring rate S, 20 pounds per inch; preloading
distance of external spring L, 0.4 Inch; filling density p¢ 0.05

pound per cubic foot; external force F, 2 pounds; gas constant of
gas inside bellows R, 6 55,2 feet per °R; gas constant of gas outside

bellows R,, 53.3 feet per °R.
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Figure 7. — Concluded, Effect of Independently varying fililing volume
on error of indication and on gas—density — bellows—-displacement
characteristics. Bellows area A, 2 square Inches; bellows spring
rate Sy, 50 pounds per inch; external spring rate S, 20 pounds per

inch; preloading distance of external spring L, 0.4 inch; filling
density p¢, 0.05 pound per cubic foot; external force F, 2 pounds;

gas constant of gas inside bellows R;, 55.2 feet per OR; gas constant
of gas outside bellows R,, 53.3 feet per °R.
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Figure 8. -~ Effect of independently varying preloading of external
spring on error of indication and on gas-density — belliows-displacement
characteristics. Bellows area A, 2 square inches; bellows spring
rate Sb: 50 pounds per inch; external spring rate Sg,, 20 pounds per
inch; fllling density p¢, 0.05 pound per cubic foot; fllling volume
V¢, 4 cublc Inches; external force F, 2 pounds; gas constant of gas
inside bellows R;, 55.2 feet per OR; gas constant of gas outside

bellows R,, 53.3 feet per °R.
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(b) Gas-density - bellows-displecement characteristics at callbration
temperature To, 520° R.

Figure 8. - Concluded. Effect of independently varylng Preloading of
external spring on error of indication and on gas—density — bellows—
displacement characteristics. Bellows area A, 2 square !nches;
bellows spring rate S,, 50 pounds per inch; external spring rate
Ser 20 pounds per inch; filling density pg 0.05 pound per cubic foot;

filling volume Vg, 4 cubic inches; external force F, 2 pounds; gas
constant of gas inside bellows R;, 55.2 feet per OR; gas constant of

gas outside bellows R,, 53.3 feet per ORr.
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Figure 9. - Effect of independently varying filling density on error of
Indication and on gas—density — bellows-displacement characteristics.
Bellows area A, 2 square inches; bellows spring rate Sy, 50 pounds

per linch; externat-spring rate Sg, 20 pounds per Inch; preloading
distance of external spring L, 0.4 inch; flliing volume Vg, 4 cublc

Inches; external force F, 2 pounds; gas constant of gas inside bellows
Ry, 55.2 feet per OR; gas constant of gas outslde bellows Ry» B53.3

feet per OR,
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(b) Gas-density - bellows-displacement characteristics at calibration
temperature Te, 520° R.

Figure 9. — Concluded. Effect of independently varying filling density

on error of indication and on gas—density — bellows-displacement char-
acteristics. Bellows area A, 2 square inches; bellows spring rate
Sp, B0 pounds per inch; external spring rate S, 20 pounds per inch;

preloading distance of external spring L, 0.4 inch; filling volume
V¢, 4 cubic inches; external force F, 2 pounds; gas constant of gas

inside bellows R;, 55.2 feet per OR; gas constant of gas outside

bellows R_, 53.3 feet per °R.
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Figure 10. ~ Effect of independently varying external force on error of

Indication and on gas—density ~ bellows-displacement characteristics,
Bellows area A, 2 square inches; bellows spring rate Sy, 50 pounds

per Inch; external spring rate Sg, 20 pounds per inch; preloading
distance of external spring L, 0.4 inch; filling density p¢ 0.05
pound per cubic foot; filling volume Vg, 4 cubic_lnches; gas constant
of gas inside bellows R;, 55.2 feet per OR; gas constant of gas out-—
side bellows R,, 53.3 feet per OR.
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(b) Gas-density - bellows-displacement characteristics at calibration
temperature Te, 520° R.

Figure 10. — Concluded. Effect of independently varying external force

on error of indlcation and on gas—density — bellows—displacement char-
acteristics. Bullows area A, 2 square Inches; bellows spring rate
Sy, 50 pounds per inch; external spring rate Sg,, 20 pounds per lInch;

preloading distance of external spring L, 0.4 inch; filllng density
Pg, 0.05 pound per cubic foot; filling volume Vg, 4 cubic inches; gas

constant of gas Inside bellows R,, 55.2 feet per °R; gas constant of

gas outslide bellows R_, 53.3 feet per °R.

o’



